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Abstract 
Argon oxygen decarburisation (AOD) slag may be used for phosphorus (P) removal, as its high pH and 
weatherable calcium (Ca) minerals provide sufficient Ca2+ and OH- for calcium phosphate (Ca-PO4) precipitation. 
This study examined the P removal performance of AOD slag for use as wastewater treatment material. Batch 
experiments were carried out using both synthetic P solution and real wastewater, followed by chemical 
modelling and X-ray absorption near edge structure (XANES) spectroscopy. The influences of initial P 
concentration, slag dose and modification by polyethylene glycol (PEG), an effective agent for generation of 
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porous materials, were investigated to determine the optimal conditions for P removal by AOD slag. It was 
found that virgin AOD slag removed 94.8% of P from a synthetic P solution in 4 hours and 97.8% in 10 hours. 
This high P removal was accompanied by a rapid increase in pH from 7.0 to 10.74. The maximum P removal 
capacity (PRC) from synthetic P solution ranged from 1.3 to 27.5 mg P g-1. The optimal AOD dose for P 
removal from wastewater, determined in 8-hour batch experiments, was 25 g L-1. PEG modification increased 
the reaction rate and resulted in higher final pH, increasing PRC by 47.9%. Combined Visual MINTEQ and 
XANES analysis for detailed examination of P removal mechanisms revealed that the main P removal 
mechanism was precipitation of calcium phosphate. According to the XANES analysis, the main Ca-PO4 
precipitate formed on virgin AOD slag under low initial P concentration and high pH was apatite, while brushite 
was the dominant product at high initial P concentration and low pH. 
Keywords: phosphorus, slag, apatite, brushite, Visual MINTEQ, XANES,  
 
1. Introduction 
Phosphorus (P) removal and recovery from wastewater is an important issue because of the rapid depletion of 
existing irreplaceable and indispensable P resources (Reijnders 2014). A variety of physical, chemical and 
biological techniques have been developed and introduced to remove and recover P from wastewater. It is 
reported that a P recovery of >90% can be achieved by technologies such as acidic-alkaline sequential treatment 
(Petzet et al. 2012) and combined low pressure wet oxidation and nanofiltration (Blöcher et al. 2012). Although 
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a high P recovery can be achieved with these technologies, it is also desirable if alternative systems that are more 
energy- and cost-efficient are developed.  
   Phosphorus precipitation using slag for P removal and recovery from wastewater involves the capture of 
phosphate by reaction with metal cations dissolved from slag composed of calcium-rich oxides and silicates. It is 
considered an economical and effective technology for P removal from wastewater (Drizo et al. 2006, Kim et al. 
2006, Gustafsson et al. 2008, Claveau-Mallet et al. 2013). So far, most research on P removal using slag has 
focused on: blast furnace (BF) slag, which is produced from the separation of iron from ore; electric arc furnace 
(EAF) slag, which is from the first step of stainless steel production; and blast oxygen furnace (BOF) slag, from 
the second processing step of carbon steel production (Santos et al. 2013a). The principal advantages of these 
slags are their wide availability and low cost due to their huge annual production volumes. Although they are by-
products of different processes and their chemical composition varies, they share features such as high calcium 
content and alkalinity, which makes them favourable for P removal as they can provide sufficient Ca2+ and OH- 
for the formation of calcium phosphate (Ca-PO4) precipitates.  
   The most widely studied slag, BF slag, has been found to have a P removal efficiency (PRE) higher than 95% 
in laboratory experiments with both synthetic P solution and real wastewater (Oguz 2004, Kostura et al. 2005, 
Rastas 2006, Johansson 2010, Johansson Westholm 2010). However its performance in pilot and field trials is 
less satisfactory, with P removal reported to range from 40% to 77% (Shilton et al. 2006, Asuman et al. 2007). 
Drizo et al. (2006) conducted column experiments to investigate the P removal performance of EAF slag and 
obtained consistently high PRE for 114 days. Bowden et al. (2009) investigated BOF slag as a reactive medium 
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for P removal in both batch and continuous flow experiments for 406 days and observed high maximum P 
removal. Barca et al. (2012) evaluated EAF and BOF slags from four countries in Europe in terms of their P 
removal capacity using both synthetic P solution and real wastewater and found that BOF slag has a much higher 
maximum P removal capacity (PRC) than EAF slag. To our knowledge, research using argon oxygen 
decarburisation (AOD) stainless steel slag for P removal has not been reported previously. 
   As a by-product from the argon oxygen decarburisation refining process, 270 kg AOD slag are produced for 
every ton of stainless steel produced. The slag is mainly applied in cement production, road construction, civil 
engineering work, fertiliser production and landfill daily cover (Huaiwei and Xin 2011). These do not 
completely consume the huge production voume and hence increasing amounts of AOD slag are accumulating. 
Alternative uses of AOD slag are therefore being investigated. AOD slag is reported to have a high alkalinity and 
to contain more than 35% Ca in the form of easily soluble calcium silicate (Kriskova et al. 2012, Santos et al. 
2013a, Santos et al. 2013b). Hence it may be a promising wastewater treatment material for P removal and 
recovery via Ca-PO4 precipitation.  
It has been pointed out that the formation of calcium phosphates depends strongly upon the dissolution of 
calcium silicate from the slag. If BF slag is modified in an effective way the PRE is higher, since the modified 
slag surface with its higher porosity tends to release more Ca2+ and thus facilitate the precipitation of calcium 
phosphate (Gong et al. 2009). Inspired by previous research (Guan et al. 2014), a modification process using 
polyethylene glycol (PEG) was developed in this study, aimed at improving the P removal performance of AOD 
slag. PEG is a hydrophilic, non-toxic and water-miscible polymer used in controlled-release systems and in 
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nanoparticle preparation (Ali and Lamprecht 2013, García-Jimeno and Estelrich 2013). It is produced in an 
industrial scale and low grade forms are available to a realistic price. In this study, it was mixed with AOD slag 
under hydrothermal conditions in order to facilitate the dissolution of Ca2+ by converting the original sparingly 
soluble calcium silicate species on the slag surface into more easily soluble forms. 
This study explored P removal by AOD slag in an effort to devise a technically and economically feasible 
treatment solution that makes it possible to use this metallurgical by-product in wastewater treatment. To obtain 
reliable results when assessing AOD as a P removal material, batch experiments with both synthetic P solution 
and real wastewater were conducted to investigate the PRE and PRC of AOD. The influence of initial P 
concentration, slag dose and modification by PEG was investigated to determine the optimal conditions that 
maximise the PRC and P removal efficiency (PRE) of AOD slag. Visual MINTEQ and X-ray absorption near 
edge structure (XANES) spectroscopic analysis were combined for an in-depth study of the P removal 
mechanisms.  
 
2. Materials and methods 
2.1 Material 
The AOD slag used in this study was obtained from Outokumpu Stainless AB, Sweden. This slag is porous and 
has a brown colour. The pH, determined by immersing the AOD slag in distilled water with a volume ratio of 
1:2.5 for 24 hours, was found to be 12.04. Chemical analysis revealed that the AOD contained 380 mg Ca g-1 
and 150 mg Si g-1 (Table 1). The slag was crushed by hand in a mortar and sieved to get particle size fractions of 
1-2 mm, 0.5-1 mm (labelled cAOD) and 0-0.5 mm (labelled fAOD). The last two fractions were used only for 
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PEG modification. The particle size fraction of 1-2 mm was used in all other experiments because it is expected 
to be useful in practical applications. A wax-like PEG manufactured by Merck, with a molecular weight ranging 
from 950 to 1050 g mol-1 and a melting point at 33-40 oC, was used as the PEG treatment. 
 
Table 1. Elemental composition of AOD slag (mg g-1) 
 Si Mn P Al Ca Fe Mg 
AOD 150 4 0.04 9 380 3 33 
 
 
2.2 PEG1000 modification 
Polyethylene glycol is a water-miscible polyether with varying molecular weight. In this experiment, PEG with a 
molecular weight of around 1000 was used (PEG1000). Silicates and calcium-rich solids on the slag surface can 
be transformed to calcium silicate hydrate (CSH) under hydrothermal conditions (Jing et al. 2007, Hosokawa et 
al. 2014).  Guan et al. (2014) reported that the presence of PEG can effectively prevent the aggregation of small 
CSH particles during hydrothermal treatment, leading to the formation of CSH with larger surface area. The aim 
of the modification applied in the present study was to improve the reaction kinetics and the maximum PRC of 
AOD slag by modifying calcium silicate on the slag surface through hydrothermal treatment with PEG. 
   The modification process was as follows: a fixed amount of PEG was dissolved in deionised water at a 
solid:liquid ratio of 1:225 to form a PEG solution, which was stirred for 30 minutes to ensure complete 
dissolution. Then AOD slag with particle size of 0-0.5 mm (fine fraction) and 0.5-1 mm (coarse fraction) was 
added to the solution at a PEG:AOD slag mass ratio of 2:5. A control group was prepared by adding the same 
amount of slag to deionised water. All suspensions were then placed in a water bath for 2 hours at 80 oC with a 
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stirring rate of 60 rpm and later removed to an autoclave for hydrothermal treatment at 120 oC for 12 hours 
(Guan et al. 2013, Guan et al. 2014). The suspension was cooled to room temperature. Centrifugation at 8000 
rpm for 3 min was carried out to separate the AOD slag from the PEG solution. The modified AOD slag was 
dried at 105 oC and then collected in zip-lock plastic bags and referred to as fAOD-PEG (0-0.5 mm), cAOD-PEG 
(0.5-1 mm), fAOD and cAOD. 
 
2.3 Experiment methods 
The PRE of AOD was initially investigated in a series of batch experiments with synthetic P solution. A stock 
synthetic solution of 1000 mg P L-1 was prepared by dissolving KH2PO4 in distilled water. The solution was then 
stored in a refrigerator at 4 oC. The working P solution was prepared fresh daily by diluting a defined volume of 
stock solution with distilled water to an experimental concentration of 6.5 mg P L-1, which is similar to the P 
concentration in real wastewater. A fixed volume of 0.1 mol L-1 NaNO3 was then added to the working P 
solution to ensure a background of 0.001 mol L-1 NaNO3. Finally, the pH of the working solution was adjusted to 
7.0±0.1 by drop-wise addition of 0.1 mol L-1 NaOH.  
    The wastewater used in this experiment was a septic tank effluent (design flow: 1.6 m3 d-1), which was used 
without any further treatment except that coarse particles were removed using filter cotton. The wastewater was 
stored in plastic containers at room temperature for several days. The mean pH of the wastewater was 7.42 and 
the P concentration was 8.2± 0.4 mg L-1. 
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Triplicate samples of 0.5 g AOD were suspended in 100 mL synthetic solution or in real wastewater using a 
series of plastic bottles. The suspensions were shaken at 50 rpm in an end-over-end shaker at room temperature 
(22oC). Supernatant samples were taken from synthetic solutions after the following agitation periods: 0.33, 0.66, 
1, 1.5, 2, 2.5, 3.33, 4 and 10 h, and from real wastewater after: 0.17, 0.5, 1, 3, 5, 8, 10, 14, 18, 22 and 48 h. 
Before sampling, the bottles were kept still for 2 minutes to allow particle settling. Immediately after sampling, 
the pH value of the samples was measured using a typical combination electrode. Filtration was carried out using 
a 0.45 μm syringe filter to prepare samples for P analysis. The PRE was expressed as a percentage and calculated 
using the following equation: 
PRE= 100× (P0-P)/P0                                                                                       (1) 
where (P0-P) is the difference between the initial (P0) and measured (P) concentration in the supernatant. 
   The PRC of AOD was tested under different initial P concentrations on a batch basis. Triplicate samples of 0.5 
g AOD slag were suspended in 100 mL of a synthetic solution with eight different initial P concentrations (6.7, 
12, 17.5, 23.3, 30, 60, 105, 308 mg L-1). These synthetic solutions were prepared in the same way as in the 
kinetic experiments. The bottles were shaken at 50 rpm at 22 oC on an end-over-end shaker for 24 hours and then 
kept still for another 24 hours before sampling. 
The P removal capacity of AOD slag under these different scenarios was calculated using the following 
equation (Barca et al. 2012): 
PRC= (P0-P) V/m                                                    (2) 
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where P0 is the initial P concentration of the synthetic solution, P is the P concentration of the supernatant 
sample, V is the volume of the synthetic solution in each bottle, m is the mass of AOD in each bottle and PRC is 
expressed in mg P g-1. 
   To determine an optimal AOD slag dose that can ensure satisfactory P removal from a real wastewater, batch 
experiments were carried out. Triplicate samples of AOD slag were suspended in 100 mL wastewater. The AOD 
slag doses used were 0.5, 1, 1.5, 2, 2.5 and 3 g. The suspensions were shaken in an end-over-end shaker for 8 
hours, kept still for 2 minutes and then samples were taken for pH measurement and P analysis. 
To compare the P removal performance of AOD slag before and after PEG modification, triplicate samples of 
0.5 g AOD slag (fAOD, fAOD-PEG, cAOD, cAOD-PEG) were suspended in a series of 100 mL synthetic P 
solutions with an initial P concentration of 20 mg L-1. After a certain period of shaking (0.33, 0.66, 1, 1.33, 1.66, 
2.17, 3, 4, 5.17, 6.5, 8 hours), the supernatant samples were collected for measurement. All these samples were 
filtered with a 0.45 μm syringe filter for P analysis. Samples for Ca2+ determination were acidified by addition of 
3% HNO3 by volume. 
 
2.4 Analytical methods 
Analysis of P as phosphate was performed using a Seal Analytical AA3 Autoanalyzer. The instrument was 
calibrated prior to analysis using working standard solutions in the range 0 to 10 mg P L-1. The Ca2+ 
concentration was determined using an inductively coupled plasma optical emission spectrometry (ICP-OES) 
 
 
10 
 
instrument (Thermo Scientific Icap 6000). The pH of all samples was measured using a Hach pH meter (Sension 
TM pH31).  
   Visual MINTEQ 3.1 (Gustafsson 2014) was used to calculate the saturation index of different Ca-P minerals 
that could form in this experiment, using the default equilibrium constants of complexes and precipitates in the 
Visual MINTEQ database. Calculated ion activity products (IAP) were compared against solubility constants to 
cast light on the P removal mechanism of AOD. The solubility constants for different calcium phosphates were 
taken from Gustafsson et al. (2008), see Table 2. 
Table 2 - Solubility constants and heats of reaction for Ca phosphates used in Visual MINTEQ 
Reaction log Ks (25oC)a ∆Hr (kJ/mol)a 
Hydroxyapatite: Ca5(PO4)3OH(s) + H+  ⇔  5Ca2+ + 3PO43- + H2O -44.3b 0 
OCP: Ca4H(PO4)3(s)  ⇔  4Ca2+ + 3PO43- + H+ -47.95c -105c 
Monetite: CaHPO4(s) ⇔  Ca2+ + PO43- + H+ -19.28 31 
Brushite: CaHPO4×2H2O(s) ⇔  Ca2+ +PO43- + H+ + 2H2O -19.00 23 
ACP2: Ca3(PO4)2(s)  ⇔  3Ca2+ + 2PO43- -28.25c -87c 
ACP1: Ca3(PO4)2(s)  ⇔  3Ca2+ + 2PO43- -25.5c -94c 
aUnless otherwise stated, the values are from Smith et al. (2003). 
bSolubility of hydroxyapatite at 21oC (McDowell et al. 1977). 
cCalculated from raw data given by Christoffersen et al. (1990) 
    
Two batches of used AOD slag were collected and labelled AOD-20 and AOD-300, as the initial P concentration 
of the suspension was around 20 (23.3) and 300 (308) mg P L-1, respectively. The used slag was collected by 
filtering the suspension through a 1 mm sieve and it was then washed three times with deionised water. White 
precipitates from the experiment with initial P concentration of 23.3 mg P L-1 were collected by centrifuging the 
filtrate at 8000 rpm for 5 min and labelled WP. Used fAOD-PEG slag suspended in 20 mg P L-1 synthetic 
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solution was separated from the suspension by carefully removing the supernatant and visible white precipitates 
and then rinsed three times with deionised water. This solid sample was named AOD-P, as it was P precipitated, 
PEG-adjusted AOD slag. All four samples were placed in a fume hood overnight for dewatering at room 
temperature. No further pretreatment other than gentle grinding in a mortar was conducted prior to XANES 
analysis 
   Speciation of the Ca-PO4 precipitates in the four solid samples (S1-4) was performed using XANES 
spectroscopy. The samples were ground in a mineral grinder, mounted on Kapton tape and then analysed using P 
K-edge XANES spectroscopy on beamline BL8 of the Synchrotron Light Research Institute, Thailand (Klysubun 
et al. 2012). The beamline was operated in fluorescence mode and the fluorescence signal was measured using a 
solid state 13-channel Ge detector. The beam current ranged from 80 to 150 mA. An InSb (111) double crystal 
monochromator with an energy resolution (ΔE/E) of 3 ×10-4 and a dwell time of 3 s was used. To minimise X-
ray absorption by air, the sample compartment was filled with helium gas. The scans ranged from 2100 to 2320 
eV, with a smaller energy step near the absorption edge (down to 0.2 eV between 2144-2153 eV). Between 3 and 
7 scans per sample were collected, depending on the level of noise in the data, and subsequently merged.  
   The XANES data were processed using the Athena program in the Demeter Software Package (v 0.9.20) 
(Ravel and Newville 2005). The energy was established by setting the maximum of the first derivative of the 
spectrum for elemental P powder (E0) to 2146 eV (±0.11 eV). Correction of any shifts on the energy scale 
caused by monochromator drift could be performed since validation data for variscite were collected periodically. 
Merged spectra were normalised using a consistent procedure. A linear baseline function was subtracted from 
 
 
12 
 
the spectral region below the edge (between -30 to -10 eV relative to E0), and spectra were normalised to a unit 
edge step and quadrature removed across the post-white-line region (between 30 and 50 eV relative to E0) to 
obtain normalised XANES spectra. 
   Using a linear combination fitting (LCF) approach (Tannazi and Bunker 2005), a set of spectra of known 
standards were combined and fitted to the sample spectra. All standards used in the evaluation had been 
confirmed previously by X-ray powder diffraction, while XANES data were collected at the same beamline as 
the samples. The standard compounds included amorphous calcium phosphate (ACP), octacalcium phosphate 
(OCP), natural apatite (HAP), brushite (DCPD), monetite (DCP), amorphous aluminium phosphate, phosphate 
adsorbed to aluminium hydroxide, phosphate adsorbed to gibbsite, variscite, amorphous iron phosphate, 
phosphate adsorbed to ferrihydrite, phosphate adsorbed to goethite, strengite, struvite, lecithin and phytate. In the 
fitting procedure, no energy shifts were permitted and the sum of the weighting factors was not forced to one. At 
most three standards were accepted in each fit and the fitting range was constrained to between -10 to 30 eV 
relative to E0.  
 
3 Results and discussion 
3.1 Kinetics of P removal from synthetic solutions 
In general, AOD slag removed P efficiently from the synthetic solution, with 50.6% of the P removed in the first 
1.5 h. The PRE then continued to increase to 94.8% after 4 h and to 97.5% after 10 h (Fig. 1a). The initial P 
concentration was 6.5 mg L-1 and the final P concentration of the solution was 0.16 mg L-1, giving a PRC of 1.27 
mg P g-1. Compared with EAF slag and BOF slag, with P removal efficiencies less than 90% after 7 days of 
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contact (Barca et al. 2012), AOD slag demonstrated better P removal performance in a much shorter time. The 
pH of the supernatant increased from 7 at the beginning of the experiment to 10.03 after 1 h and then rose slowly 
to 11.06 after 10 h.   
   The results of the kinetics study with real wastewater are presented in Fig. 1b. The initial P concentration of 
the wastewater was 8.65 mg P L-1 and the pH was 7.42. After 22 h of agitation the P concentration dropped to 
1.36 mg L-1, while the pH increased to 9.05. During this period the AOD slag achieved a PRE of 82.7%, giving a 
PRC of 1.46 mg P g-1. After 48 h of reaction, the P concentration of wastewater decreased to 1.02 mg L-1 and the 
PRE increased slightly to 88.16%, while the pH decreased from 9.05 to 8.91. Thus the AOD slag reached a PRC 
of 1.54 mg P g-1. In Sweden, the effluent P discharge standard for onsite wastewater treatment is 1 mg L-1 or less 
than 10% of P in the influent, which was met in this experiment. The above results therefore confirmed that 
AOD slag is an effective P removal material.  
 
a)                                                                                     b) 
Fig. 1. Kinetics of P removal and pH change in (a) the synthetic solution and (b) real wastewater. 
 
The trends of increasing pH and decreasing P were similar in both systems, but the progression with real 
wastewater was slower than that with synthetic P solution. It has been demonstrated that dissolved organic 
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matter in wastewater can interfere with P removal by BF slag and therefore extensive pre-treatment of 
wastewater is essential to achieve satisfactory P removal (Nilsson et al. 2013). The real wastewater used in this 
experiment had not been pre-treated (except for the removal of coarse particles). It had a BOD5 of 120 mg L-1 
and a total inorganic nitrogen content of 78.82 mg L-1. Therefore it seems likely that the P removal rate was 
slowed down by the presence of organic matter in the wastewater.  
Organic acids and CO2 generated from biological degradation and inorganic NH4+ may exert a buffering 
effect on pH (Hendon 2014, Van Vooren et al. 1999, Chen et al. 2004). As shown in Fig. 1b, although the 
contact time with wastewater was longer, the pH increase in real wastewater (from 7.42 to 8.91) was lower than 
in the synthetic solution (from 7 to 11.06). The P speciation in solution is dependent on the pH, since at higher 
pH an increased proportion of P exists as PO43- ions, which together with Ca2+ may form precipitates such as 
apatite and amorphous calcium phosphate (Gustafsson et al. 2008). Thus, a lower pH may lead to less efficient P 
removal.       
A possible reason for the quick increase in P removal and pH in the first 40 minutes in both the synthetic 
solution and real wastewater is rapid precipitation of phosphate (Table 2) with Ca2+ that originates from the 
dissolution of calcium-rich silicates on the surface of the slag. Although the chemical composition of AOD slag 
is variable, the main minerals present are dicalcium silicate (γ-C2S, Ca2SiO4), merwinite (Ca3Mg(SiO4)2) and 
bredigite (Ca14Mg2(SiO4)8) (Shen and Forssberg 2003, Kriskova et al. 2012, Santos et al. 2013a, Santos et al. 
2013b). These minerals dissolve according to the following equation (Wouter et al. 2006): 
Ca-silicate(s) + 2H+ (aq) → Ca 2+ (aq) + silicate(s) +H2O (l)                                            (3) 
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This reaction provides the Ca2+ needed for Ca-PO4 precipitation and consumes H+, leading to P removal and to 
the pH increase in solution. Thus it can be considered a crucial step in the Ca-PO4 precipitation process. After 40 
minutes, both the P removal and the pH increase slowed down, possibly because accumulation of Ca-PO4 
precipitates, residual silica and unreactive minerals restricted the diffusion of calcium through the solid slag 
matrix towards the slag surface, and thus limited the contact between the unreacted inner part of the AOD slag 
and phosphate in the aqueous medium.  
 
3.2 Effect of initial phosphate concentration  
The results of the experiments with varying initial P concentrations are shown in Fig. 2. The P removal of AOD 
slag was proportional to the increase in initial P concentration, while the PRE decreased. The highest PRC value, 
27.47 mg P g-1, was observed when the initial PO4-P concentration was 308 mg L-1. At the same time the PRE 
was only 44.6%. However, in solutions with initial P concentrations between 6.7 to 30 mg P L-1, PRE values 
above 97.5% were achieved and a rapid linear increase in PRC was also observed in this region. With the initial 
P concentration increasing from 60 mg L-1 to 308 mg L-1, the PRE decreased from 80.4% to 44.6% and the PRC 
increased from 5.95 to 27.47 mg P g-1. One possible reason for the decreased PRE was the limited availability of 
Ca2+ in the suspension, as shown in Fig. 2b. The final Ca2+ concentration decreased from 99 to 44 mg L-1 as the 
initial P concentration increased from 6.7 to 30 mg L-1. The main reason was probably the dramatic decrease in 
pH in the solutions, as shown in Fig. 2, which meant that a higher concentration of PO43- was present at 
equilibrium and consequently that precipitation was less efficient.   
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a)                                                                                  b) 
Fig. 2. Effect of initial P concentration on P removal capacity. 
 
    Barca et al. (2012) investigated P removal by EAF and BOF slags from solutions containing 100 mg P L-1 and 
found that the highest PRC achieved was 2.49 mg P g-1, much lower than that of AOD slag (14.86 mg P g-1) for a 
similar solution in the present study. One reason might be that the content of readily soluble CaO and Ca 
silicates is higher in AOD slag (380 mg g-1) than in EAF slag (170 mg g-1) and BOF slag (377 mg g-1). Another 
probable reason is that the particle size of the AOD slag (1-2 mm) in this study was smaller than that of the slags 
(5-10 mm) studied by Barca et al. (2012), leading to more efficient dissolution because of a larger wetted surface 
area. 
   Visible white precipitates were observed in all solutions 20 minutes after the experiments started. Higher initial 
P concentration resulted in an increased amount of white precipitates on the surface of the AOD slag and in the 
solution, which also partly confirms that precipitation was one of the main mechanisms for P removal. No 
tendency for clogging and slag aggregation was observed in solutions with initial P concentration lower than 100 
mg P L-1. However, with initial P concentrations higher than 100 mg P L-1, the separated slag particles tended to 
clump together and aggregate into larger particles, but the occurrence of such a high P concentration in 
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wastewater is very unlikely, so the possibility of chemical clogging and hydraulic failure can probably be 
ignored.  
   Structural disintegration of the solid matrix could have been expected because of its chemical composition and 
the extended shaking time, but this was not observed. Several studies have demonstrated that the free lime in 
slag reacts with water to form hydroxides, causing a volume increase accompanied by disintegration of the slag 
(Motz et al. 2001, Engström et al. 2014). In this study, the free lime and soluble calcium silicate dissolved from 
the slag and were partly re-precipitated with phosphate in the aqueous phase, which prevented volume increase 
and disintegration. This is a very attractive characteristic from a practical application point of view.  
 
3.3 Effect of AOD dose on P removal from wastewater 
The PRE of AOD as a function of dose is presented in Fig. 3. The P removal was accelerated by increasing the 
AOD dose. The kinetics study showed that 88% of P was removed from the wastewater with a contact time of 22 
hours by 0.5 g AOD slag. However, a PRE of 90.6% (>90%, the effluent P discharge standard) with a contact 
time of 8 hours was achieved by raising the dose to 25 g L-1.  
   When the AOD dosage was increased from 5 to 10 g L-1 the corresponding PRE almost doubled, i.e. it 
increased from 36.1% to 71.9%, which might have resulted from an increase in available Ca2+ in the aqueous 
medium. This is probably because the wetted surface area doubled, leading to enhanced dissolution of Ca 
silicates. This interpretation was also supported by the observed increase in pH from 8.8 to 9.0.  
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Fig. 3. Effect of AOD dose on P removal from wastewater. 
   For doses ranging from 10 to 25 g L-1, an almost equal increase (6%) in PRE was observed between each two 
adjacent dosages, as PRE was 71.9%, 78.5%, 84.3% and 90.6%, respectively. Song et al. (2002) investigated the 
effects of solution conditions on the precipitation of calcium phosphates and found the saturation index with 
respect to hydroxyapatite to be a logarithmic function of the phosphate concentration and the calcium 
concentration. With the increase in Ca2+ concentration and pH in the supernatant due to the increasing dose in 
the present study, the saturation index also increased, leading to further precipitation of calcium phosphate.    
   Increasing the dose to 30 g L-1 appeared to have a very weak influence, because the PRE (90.8%) was just 
slightly higher than that obtained at 25 g L-1 (90.6%). The pH for the 30 g L-1 dose was even slightly lower than 
for 25 g L-1. Based on previous research (Song et al. 2002, Ali et al. 2006), it is reasonable to assume that critical 
supersaturation with respect to calcium phosphate occurred in the supernatants with these two doses, where the 
addition of suitable seed materials instead of an increase in Ca2+ concentration would be needed for complete P 
removal from the wastewater. Therefore further increasing the dose did not greatly improve the PRE, so the 
recommended AOD slag dosage for P removal from wastewater in batch-operated systems would be 25 g L-1.  
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3.4 Effect of PEG1000 
The PRC for all four AOD samples is shown in Fig. 4. The fAOD-PEG sample had the highest PRC (2.16 mg P 
g-1), followed by fAOD (1.46 mg P g-1), cAOD-PEG (0.97 mg P g-1) and cAOD (0.9 mg P g-1). The fAOD-PEG 
removed more than twice as much P as the cAOD-PEG (0.97 mg P g-1). It is noticeable that the difference in P 
removal between fAOD-PEG and fAOD (0.7 mg P g-1) was 10-fold greater than that between cAOD-PEG and 
cAOD (0.07 mg P g-1). The greater P removal difference among the finer group indicates that larger contact area 
between the treated AOD slag and the PEG solution intensified the effect of PEG treatment in improving P 
removal performance. 
    
a)                                                                              b)       
 
c) 
Fig. 4. Effect of PEG on (a) P removal capacity, (b) pH and (c) Ca2+ change in the solution. 
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   The cAOD and cAOD-PEG almost stopped removing P after 1 hour, earlier than fAOD and fAOD-PEG, in 
which P removal continued at a slower rate and stopped at 390 min. The prolonged P removal by fAOD and 
fAOD-PEG was probably attributable to the higher pH, although the available Ca2+ concentration in the aqueous 
medium of both these samples was lower than in the medium of the other two types (Fig. 4c). 
   The calcium release was quicker for PEG-treated AOD slag at the beginning of the experiment, resulting in 
higher P removal in the first 40 minutes, as shown in Fig. 4a & c, which meant that the dissolution of calcium 
silicates was faster from PEG-treated slags. Therefore PEG seemed to enhance the solubility of calcium silicates, 
as reported previously (Guan et al. 2013, Guan et al. 2014). The increase in Ca2+ concentrations in all 
suspensions was accompanied by an increase in pH and in P removal at the beginning of the experiment. The 
fact that fAOD-PEG had a higher pH than fAOD underlines that PEG contributed to the dissolution of alkaline 
Ca compounds (CaO and Ca silicates) from the modified slag. For the solutions with cAOD-PEG and cAOD, it 
was also found that the decrease in Ca2+ concentration was greater than that in PO43- concentration, indicating 
precipitation of Ca2+ with other anions, such as carbonate. 
   White precipitates were observed in the solution 20 minutes after the experiment started and increased over 
time, but their particle size did not increase. At the end of the experiment, all AOD samples were whiter than 
before. Small white precipitates were observed on the surface of all used samples after drying at room 
temperature.           
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3.5 Visual MINTEQ and XANES analysis  
The output of Visual MINTEQ showed that HAP, OCP and ACP were all supersaturated (Fig. 5), i.e. that they 
might form in the suspensions. All supernatant samples were undersaturated with respect to brushite and 
monetite which indicates that these two species can scarcely be formed and they can be ruled out as likely 
candidates for Ca-P precipitation. These observations agree with those of Gustafsson et al. (2008) for another 
group of used filter media. The presence of ACP in such materials has been confirmed in XANES studies 
(Eveborn et al. 2009), but due to the similar XANES spectra of OCP and HAP, this technique could not be used 
to differentiate between the two. 
  
       a)                                                                                        b) 
 
                                          c）                                                                                    d) 
Fig. 5.  Plots of pH vs ionic activity products. The points represent the calculated ionic activity products in the batch experiment. The 
solid lines are calculated from the solubility parameters of the Ca-PO4 phases. 
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In the supernatant of the fAOD-PEG sample, an almost linear decrease in ionic activity product (IAP) with 
respect to ACP was observed, which suggested precipitation of ACP over time. For the fAOD supernatant, the 
decrease in IAP was steeper, indicating that equilibrium could be reached sooner than for fAOD-PEG. This is in 
agreement with the results in Fig. 4a, which indicated that all suspensions were still supersaturated with respect 
to ACP even at the end of the experiment. This meant that ACP could be further precipitated as time went by. 
However, the P removal process became slower as the IAP decreased over time.  
 
3.6 XANES analysis  
Stacked spectra of the four solid samples and of the standards of relevance to the results are shown in Fig. 6. The 
Ca phosphate standards showed features similar to those described by Prietzel et al. (2013) and Oxmann (2014). 
All Ca phosphates except monetite displayed post-edge shoulders near 2157.5 eV, although the shoulders 
differed in shape depending on the Ca phosphate. The white line is the sharp peak in the rising part of the 
spectrum and is caused by strong absorption (Bare 2005). Most crystalline Ca phosphates had a post-white line 
peak at 2164.7 eV, which was most strongly pronounced for apatite. For brushite, however, this peak was at 
slightly lower energy (i.e. at 2164.1 eV). For ACP this peak was only very weak, in agreement with Eveborn et 
al. (2009) and Oxmann (2014). Generally, phosphate bound to iron (III) and aluminium (hydr)oxides has strong 
white lines. Phosphate bound to ferrihydrite and goethite has a characteristic pre-edge (barely visible in Fig. 6), 
whereas phosphate bound to aluminium hydroxide and gibbsite has a characteristic post-edge feature at around 
2160 eV. 
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Fig.6. Normalized stacked P K-edge XANES spectra for samples and for the standards of importance in LCF fitting. The dashed 
lines show the post-white line peaks of apatite at 2164.7 and 2171.3 eV. 
 
   All four samples were dominated by Ca phosphate mineral phases and the composition of Ca mineral phases 
was slightly different between the samples. This was clearly apparent both in visual inspection of the stacked 
spectra (Fig. 6) and from the linear combination fitting results (Fig. 7 and Table 3).  
   AOD-20 showed post-edge features similar to those of apatite (Fig. 6). According to the LCF results, this 
sample contained 74% apatite and minor amounts of monetite and ACP. The final pH of the solution with AOD-
20 was above 10, which indicated that apatite could be formed in greater proportions in more alkaline solutions. 
The WP had apatite-like features in the post-edge region, although slightly less pronounced. According to the 
LCF results, 73% of the P was apatite, with the rest being phosphate adsorbed to iron (hydr)oxides (ferrihydrite 
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in the best fit). Since this sample was collected from the same aqueous solution as AOD-20, the main P species 
in the two samples was expected to be the same. However, the contribution of iron (hydr)oxide-bound P in WP 
was unexpected. It could possibly occur because of P binding to iron oxides on the surfaces of the tiny particles 
generated from structural disintegration of the slag matrix.  
 
                                       (a)                                                                                       (b) 
 
   (c)                                                                                     (d)                           
Fig. 7. Linear combinations and normalized sample data for a) WP, b) AOD-20, c) AOD-300, and d) AOD-P. 
 
Table 3. Phosphorus speciation as evidenced from linear combination fitting of XANES spectra. 
  Apatite OCP Monetite Brushite ACP P on Al 
(hydr)oxideS 
P on Fe 
(hydr)oxides 
R-factora 
AOD-20 weight (%) 74±2%  16±2%  10±2%   0.003 
 Presence 1,2,3,4,5 5 1,5  1,2,3,4 2,4 3  
AOD-Pc weight (%) 84±4%     7±4% 9±6% 0.008 
 Presence 1,2,3,4,5     1,2,3,4,5 1  
AOD-300 weight (%) 38±4%   59±4%  3±1%  0.008 
 Presence 1,2,3,4,5   1,2,3,4,5  1,3 2,4  
WP weight (%) 73±3%      27±3% 0.010 
 presence 1,2,3,4,5      1,2,3,4,5  
The five best fits are numbered from 1 to 5 in italics.      aR-factor calculated according to Ravel (2009). 
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   For AOD-P, the post-edge features were clearly different from those for apatite. The first post-white line peak 
at 2164.7 eV was only very weak. Despite this, the LCF results indicated dominance of apatite (Table 3). 
However, from visual inspection of the fit (Fig. 7), it became clear that the post-edge features were not well 
described by LCF. In fact, the post-white line peaks were weaker, indicating that the Ca phosphates are more 
amorphous than apatite. The results from Visual MINTEQ also suggested a high possibility of precipitation of 
ACP, as a linear decrease in the ionic activity product of ACP was observed (Fig. 5d). The reason why ACP was 
not included in the fit was because the white line intensity of the sample was much stronger than for ACP. In 
conclusion, this sample probably mainly contained some type of amorphous Ca phosphate not covered by the 
mineral standards used, based on the fact that the sample was modified with PEG.  
   AOD-300 showed a strong first post-white line peak. However, visual inspection of Fig. 6 showed that it 
occurred at slightly lower energy than for apatite and was more in agreement with brushite. This was confirmed 
by the LCF results showing 59% of the P to be present as brushite, whereas 38% was present as apatite. As the 
final pH of the solution with AOD-300 was 7.2, it can be concluded that the formation of brushite is favoured by 
the final pH in the solution being less than 8, which is consistent with previous findings (Beauchemin et al. 
2003).  
   In summary, the main P removal mechanism of AOD was precipitation of calcium phosphate. The species of 
the P precipitate formed depended on the pH value and the Ca2+ concentration of the solution. High pH and Ca2+ 
concentration, which occurred in most of the suspensions studied, favoured the precipitation of apatite. For 
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solutions with lower final pH, other calcium phosphates such as monetite and brushite formed in greater 
proportions. Minor amounts of Al- and Fe-bound P were also detected in the XANES samples, suggesting that P 
adsorption to Al and Fe oxides was not a major process affecting the P removal performance of AOD slag. 
 
4 Conclusions 
The P removal performance of AOD slag with both synthetic P solution and real wastewater was very good, 
showing AOD slag to be a promising alternative material for P removal from wastewater. It was able to 
remove >97% of P from a synthetic solution in around 4 hours and 88% of P from wastewater in 22 hours. At a 
dose of 25 g AOD slag L-1 wastewater, a PRE of 90% was achieved in 8 hours. AOD slag suspended in synthetic 
P solution exhibited a maximum PRC of 27.47 mg P g-1, which was higher than the values reported for EAF and 
BOF slags. Treatment with PEG improved PRE by 47.9% for fine AOD particles. The P removed by PEG-
treated slags was dominated by some type of amorphous Ca phosphate not covered by the mineral standards used 
in this research. Visual MINTEQ analysis and XANES results together showed that the main P removal 
mechanism was precipitation of calcium phosphate. It was found that highly alkaline solution conditions 
favoured formation of apatite, while neutral pH contributed to the presence of brushite. Batch experiments 
showed that these P precipitates could be easily removed by filtering the suspension. This might be an attractive 
feature for P recovery from wastewater. 
   Further investigations on P recovery from the white precipitates and used AOD slag will be conducted and 
research efforts to improve the P removal rate and capacity of AOD slag are ongoing.  
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